Despite the proven ability of immunization to reduce Helicobacter infection in mouse models, the precise mechanism of protection has remained elusive. In this study, we evaluated the role of inflammatory monocytes in the vaccine-induced reduction of Helicobacter felis infection. We first showed by using flow cytometric analysis that Ly6C low major histocompatibility complex class II-positive chemokine receptor type 2 (CCR2)-positive CD64 ؉ inflammatory monocytes accumulate in the stomach mucosa during the vaccine-induced reduction of H. felis infection. To determine whether inflammatory monocytes played a role in the protection, these cells were depleted with anti-CCR2 depleting antibodies. Indeed, depletion of inflammatory monocytes was associated with an impaired vaccine-induced reduction of H. felis infection on day 5 postinfection. To determine whether inflammatory monocytes had a direct or indirect role, we studied their antimicrobial activities. We observed that inflammatory monocytes produced tumor necrosis factor alpha and inducible nitric oxide synthase (iNOS), two major antimicrobial factors. Lastly, by using a Helicobacter in vitro killing assay, we showed that mouse inflammatory monocytes and activated human monocytes killed H. pylori in an iNOS-dependent manner. Collectively, these data show that inflammatory monocytes play a direct role in the immunization-induced reduction of H. felis infection from the gastric mucosa. Citation Moyat M, Mack M, Bouzourene H, Velin D. 2015. Role of inflammatory monocytes in vaccine-induced reduction of Helicobacter felis infection. Infect Immun 83:4217-4228.
H elicobacter pylori is a helical, rod-shaped, microaerophilic Gram-negative bacterium. It specifically colonizes the stomach of 50% of the world's population (1, 2) . H. pylori infection induces inflammation of the gastric mucosa; however, only 15% of infected individuals develop clinical symptoms (3, 4) . These clinical symptoms start with superficial gastritis and may evolve into chronic atrophic gastritis, peptic ulcer disease, intestinal metaplasia, gastric carcinoma, or gastric mucosa-associated lymphoid tissue lymphoma (5) . Due to its high prevalence, H. pylori is a major cause of cancer worldwide. It is eradicated by antibiotic therapies, which are expensive and promote resistance (6) . Hence, alternative therapies need to be developed to eradicate antibioticresistant strains in western countries and to reduce the prevalence of H. pylori infection in developing countries. From this perceptive, the development of a therapeutic and/or preventive vaccine(s) needs to be pursued.
In mice, H. pylori infection can be prevented or cleared by prophylactic and therapeutic vaccinations. Some clinical trials have been conducted in humans and have shown that immunization with H. pylori antigens is safe and immunogenic (7-9); however, the elimination or prevention of H. pylori infection has not been achieved with this approach. To develop an efficient vaccination strategy, a better understanding of the protective mechanisms is critical. Indeed, the running of clinical trials without this knowledge is extremely risky (10) .
In animal models of the vaccine-induced reduction of Helicobacter infection, mucosal or systemic vaccinations rely on CD4 ϩ T helper (Th) cells to clear the bacteria from the stomach mucosa (11, 12) . The chemokine-dependent recruitment of inflammatory cells into the stomach mucosa is associated with the Th1, Th2, and/or Th17 cell response (13) (14) (15) . Mast cells and also neutrophils, in some circumstances, have already been shown to play critical roles in the vaccine-induced reduction of Helicobacter infection (16) (17) (18) (19) ; however, the role of monocytes has not been evaluated.
Mouse monocytes are subdivided into two populations. Circulating or patrolling monocytes (Ly6C low and fractalkine receptor [CX 3 CR1 high ]) adhere to and migrate along the luminal side of endothelial cells (20, 21) . They play a role in IgG-dependent effector functions (22) and were suggested to contribute to tissue repair in the infracted myocardium (23) . The second population of monocytes (Ly6C high ) is recruited to inflamed tissues during infections. These inflammatory monocytes can give rise to tissue macrophages and tumor necrosis factor alpha (TNF-␣)-and inducible nitric oxide synthase (iNOS)-producing dendritic cells (Tip-DCs). Macrophages and Tip-DCs have been shown to play key roles in controlling mucosal pathogens, such as Listeria monocytogenes (24) , Toxoplasma gondii (25) , and Aspergillus fumigatus (26) . The chemokine receptor chemokine receptor type 2 (CCR2), which binds monocyte chemoattractant protein 1 (MCP-1; CCL2) and MCP-3 (CCL7), is expressed by inflammatory monocytes (27) . During infections, CCR2 mediates the exit of inflammatory monocytes from the bone marrow and their recruitment to sites of inflammation (28, 29) . Depending on the experimental model, other chemokine receptors, such as CX 3 CR1, CCR6, or CCR1, have also been shown to promote the recruitment of inflammatory monocytes to sites of inflammation (30) (31) (32) (33) .
In this study, we investigated the role of inflammatory monocytes in the vaccine-induced reduction of H. felis infection. The in vivo study of vaccine-induced protective immune mechanisms is facilitated by the use of H. felis instead of H. pylori. Indeed, only one oral gavage, i.e., one antigen challenge, is necessary to infect mice with H. felis (16) . In comparison, H. pylori infection requires two oral gavages at a 1-day interval (16) , which leads to some uncertainty about the time of initiation of the protective immune response. During the vaccine-induced reduction of H. felis infection, we observed that a Ly6C low major histocompatibility complex class II (MHC-II)-positive (MHC-II ϩ ) CCR2 ϩ CD64 ϩ inflammatory monocyte population accumulates in the stomach mucosa. To investigate the role of these inflammatory monocytes, they were depleted by infusion of anti-CCR2 depleting antibodies. Vaccinated mice injected with anti-CCR2 antibodies could not reduce the infection after 5 days, whereas vaccinated mice treated with the control antibody could. To determine whether the inflammatory monocytes had a direct or indirect role, we studied their antimicrobial activities. The inflammatory monocytes infiltrating the stomach mucosa of vaccinated and infected mice expressed iNOS/TNF-␣ and were able to kill H. pylori in vitro in an iNOS-dependent manner. Similarly, activated human monocytes efficiently killed H. pylori in vitro. Collectively, these results demonstrate that inflammatory monocytes play a role in the vaccineinduced reduction of Helicobacter infection.
MATERIALS AND METHODS
Mice. Female BALB/c OlaHsd mice (6 to 8 weeks old) were purchased from Harlan, Horst, The Netherlands. BALB/c-CCR2 Ϫ/Ϫ mice were provided by H. Gilgenkrantz (34) and bred in our animal facility. This study was approved by the State of Vaud Veterinary Office (authorization no. 836.9). Mice were bred under conventional, non-specific-pathogen-free conditions. Bacteria and infection. H. felis strain ATCC 49179 and H. pylori P49 were grown in brain heart infusion (BHI) broth supplemented with 0.25% yeast extract and 10% fetal calf serum (FCS; PAA, Pasching, Austria) under microaerophilic conditions. H. felis infection was performed by orogastric intubation with polyvinyl chloride feeding tubes (catalog number V0104050; ECIMED, Boissy-Saint-Léger, France). The tubing was introduced at a fixed distance of 4.5 cm from the incisors. Mice were treated once with 1 ϫ 10 8 H. felis cells, administered intragastrically in 200 l BHI broth.
Immunization and monocyte and neutrophil depletion. Mice were immunized intranasally 4 times at 1-week intervals with 15 g of recombinant H. pylori urease (kindly provided by Sanofi-Pasteur, Lyon, France) combined with 5 g of cholera toxin (Calbiochem, Lucerne, Switzerland). To deplete monocytes in vivo, immunized mice were injected intraperitoneally either with 20 g of anti-CCR2 depleting monoclonal antibody (MAb; MAb MC-21) (35) or with purified control rat antibody (antibody RTK4530; BioLegend, San Diego, CA) at days Ϫ1, 0, 1, 2, 3, and 4 after H. felis infection. Mice were sacrificed on day 5 after bacterial challenge. For neutrophil depletion, 200 g of anti-Ly6G (MAb 1A8) or control IgG was injected intraperitoneally at days Ϫ1, 1, and 4 after H. felis infection. Mice were sacrificed on day 5 after bacterial challenge.
Assessment of Helicobacter colonization and histology. The rapid urease test (RUT; Jatrox test; Procter & Gamble, Weiterstadt, Germany) was used to assess infection status. RUT values have already been shown to match H. felis colonization scores evaluated either on tissue sections (16) or by flaB quantitative PCR (36) . To determine RUT values, stomachs were retrieved and cut along the lesser and greater curves to obtain identical halves. One half was immersed in 500 l the supplier's suspension and incubated at 37°C for 2 h. Specimens were centrifuged, and the supernatant was used for spectrophotometric quantification at an optical density of 550 nm. The other half was processed for histology and fixed in neutral buffered 10% formalin, embedded in paraffin, and routinely processed. Sections 5 m thick were stained with hematoxylin and eosin. Pathologists unaware of the treatments administered to the mice scored the histopathologic changes in coded sections of the antral and fundic mucosae. Inflammation scores were calculated by the addition of the inflammatory and atrophy grades determined for the antral and fundic mucosae. The degree of inflammation was defined as the absence (grade 0) or the presence (grade 1, mild; grade 2, moderate; grade 3, severe) of polymorphonuclear leukocytes (acute inflammation) and lymphocytic and plasmacytic cells (chronic inflammation) in the stomach mucosa. Atrophy was characterized by the loss of parietal cells and a decrease in the mucosal thickness and graded.
Preparation of gastric immune cell suspension. Stomachs were recovered and cut longitudinally in half. After washing (NaCl, 9 g/liter), the stomach halves were cut into small pieces using a scalpel. Stomach tissue fragments were then incubated in phosphate-buffered saline (PBS)-1 mmol/liter EDTA for 20 min under gentle stirring at room temperature. After centrifugation (400 ϫ g, 10 min, 4°C), the tissue fragments were incubated at 37°C for 20 min with stirring (150 rpm) in 10 ml RPMI 1640 (Gibco, Invitrogen Corporation, Carlsbad, CA), 10% FCS (heat inactivated), and 0.5 mg/ml type IV collagenase (catalog number C-5138; Sigma). The tissue suspensions were then passed through 2 mesh strainers (mesh sizes, 70 m and 40 m) to separate the cell suspension from the undigested tissue. The cell suspensions were centrifuged at 400 ϫ g for 10 min (4°C), and the recovered cells were washed twice with 20 ml fresh 2% FCS-RPMI 1640. The cells were then resuspended in 10 ml 2% FCS, RPMI 1640, and 5 ml Ficoll-Paque Plus (GE Healthcare Bio-Sciences AB, Uppsala, Sweden), the cell suspension was added to the bottom of the tubes (50 ml; Falcon; BD Biosciences, Bedford, MA, USA), and the gradients were centrifuged for 10 min at 1,024 ϫ g (4°C) without a break. Immune cells were recovered from the interface between Ficoll and 2% FCS-RPMI 1640 and washed twice with 20 ml fresh 2% FCS-RPMI 1640.
Flow cytometry and cell sorting. Cells were resuspended in fluorescence-activated cell sorter (FACS) buffer (1% bovine serum albumin and 5 mmol/liter EDTA in PBS) and incubated with conjugated monoclonal antibodies in the presence of Fc blockers (catalog number 2.4G2; Becton Dickinson [BD], San Jose, CA). All data acquisition was performed on a Cytomics FC 500 flow cytometer (Beckman Coulter, Brea, CA). We used the following reagents for the staining procedures: anti-CD11b-phycoerythrin (PE; catalog number M1/70; BD, San Jose, CA), anti-Ly6C-fluorescein isothiocyanate (FITC; catalog number AL-21; BD), anti-CD45biotin (catalog number 30-F11; BD), anti-Ly6G-PE (MAb 1A8; BD), anti-CD11b-peridinin chlorophyll protein-Cy5.5 (catalog number M1/ 70; BD), anti-CD11c-PE (catalog number HL3; BD), anti-CD11b-FITC (catalog number M1/70; BD), anti-CD64-PE (catalog number 5X54-5/ 7.1; BioLegend, San Diego, CA), anti-Ly6C-PE-Cy7 (catalog number HK1.4; BioLegend), anti-F4/80-PE-Cy7 (catalog number BM8; BioLegend), anti-MHC-II-FITC (catalog number M5/114.15.2; BioLegend), anti-CD4-PE-Cy7 (catalog number GK1.5; BioLegend), anti-CD115-PE (catalog number AFS98; eBioscience, San Diego, CA), anti-CCR2 MAb (MAb MC-21) (35), anti-rat IgG-Alexa Fluor 488 (catalog number A11006; Molecular Probes), anti-rabbit IgG-Alexa Fluor 488 (catalog number A11037; Molecular Probes, Life Technologies, Logan, UT), rabbit anti-CX 3 CR1 (catalog number ab8021; Abcam, Cambridge, United Kingdom), and streptavidin-PE-CF594 (BD). For intracellular staining, gastric immune cells were permeabilized, fixed (Cytofix/Cytoperm; BD), and stained with anti-TNF-␣ PE-Cy7 antibody (catalog number MP6-XT22; BD) and rabbit anti-NOS2 (MAb M19; catalog number sc650; Santa Cruz, Dallas, TX). The secondary antibody was anti-rabbit IgG-Alexa Fluor 488 (catalog number A11037; Molecular Probes). FACS data were analyzed using Kaluza software (Beckman Coulter, Brea, CA). Dead cells were excluded using 7-aminoactinomycin D (Beckman Coulter, Brea, CA). Cell sorting was performed on gastric immune cells extracted from the stomach of vaccinated mice at 5 days postinfection with a BD FACSAria IIu flow cytometer using BD FACSDiva (version 6.1.2) software (BD, San Jose, CA). Magnetically activated cell sorting (MACS) was performed on gastric immune cells extracted from the stomach at 5 days postinfection using anti-CD11b MACS beads (Miltenyi Biotec, Bergisch Gladbasch, Germany).
Quantitative PCR. RNA extraction was performed on stomach tissue using an RNeasy minikit (Qiagen, Valencia, CA). RNA (1 g) was reverse transcribed into cDNA using a PrimeScript reverse transcriptase (RT) reagent kit (TaKaRa Bio Inc., Otsu, Japan). PCR amplification was performed on a MyiQ iCycler apparatus (Bio-Rad, Hercules, CA), using 96well plates (Bio-Rad). The PCR was performed in duplicate with iQ SYBR green Supermix (Bio-Rad). Samples were heated at 95°C for 3 min and then subjected to 35 cycles consisting of denaturation (95°C, 15 s) and primer annealing and extension for 60 s at 60°C (for GAPDH [glyceraldehyde-3-phosphate dehydrogenase] and interleukin-17 [IL-17]), 65°C (for CCL2), or 57°C (for CX 3 CL1, CCL7, CCL20, and CXCL2). Melt curves of the amplified products were performed to identify the amplicon. The primers used were as follows: for GAPDH (900 nmol/liter, 4 mmol/ liter MgCl 2 ), 5=-GCTAAGCAGTTGGTGGTGCA-3= and 5=-TCACCACC ATGGAGAAGGC-3=; for MCP-1 (350 nmol/liter, 3 mmol/liter MgCl 2 ), 5=-CCAGCCTACTCATTGGGATCA-3= and 5=-CTTCTGGGCCTGCTG TTCA-3=; for IL-17 (200 nmol/liter, 3 mmol/liter MgCl 2 ), 5=-AGCTTTC CCTCCGCATTGA-3= and 5=-GCTCGAGAAGGCCCTCAGA-3=; for mouse CX 3 CL1, primers with catalog number QT00128345 from Qiagen (Venlo, Netherlands); for mouse CCL7, primers with catalog number QT00171458 from Qiagen; for CCL20, primers with catalog number QT02326394 from Qiagen; for mouse CXCL2, primers with catalog number QT00113253 from Qiagen; and for CD4, primers with catalog number QT00096166 from Qiagen. Quantification of input cDNA from the unknown samples was performed by including a standard curve. To construct the standard DNA curve, amplicons generated by RT-PCR using the primers described above were purified on silica columns (QIAquick PCR purification; Qiagen) and cloned into the pGEM-T Easy vector (Promega Corp., Madison, WI). Ligated fragments were transformed into Escherichia coli DH5␣ competent cells, and plasmid DNA was prepared using silica cartridges (Qiagen). The sequence of the cloned amplicons was determined by cycle sequencing. Plasmid DNA concentrations were measured by optical density spectrophotometry, and the corresponding copy numbers were calculated using the following equation: 1 g 1,000 bp DNA ϭ 9.1 ϫ 10 11 molecules. Serial 10-fold dilutions of plasmids ranging from 10 7 to 10 2 DNA copies were used to create a standard curve for each PCR run. To minimize interassay variability, all samples analyzed from a single experiment were assayed in the same 96-well plate.
Urease-induced specific proliferation. A total of 1 ϫ 10 5 splenocytes labeled with carboxyfluorescein diacetate succinimidyl ester (CFSE) (37) were stimulated with purified urease (10 g/ml) in RPMI 1640 -10% FCS in 96-well plates. After 4 days of incubation at 37°C, the CFSE dilution was measured by FACS using a Cytomics FC 500 flow cytometer (Beckman Coulter, Brea, CA). The proliferation index was determined using proliferation with concanavalin A (1 g/ml; catalog number C5275-5MG; Sigma) to normalize urease-specific proliferation.
In vitro killing assay. H. pylori P49 (0.4 ϫ 10 6 ) suspended in 25 l RPMI 1640 -2% fetal calf serum was mixed with 25 l RPMI 1640 -2% fetal calf serum containing 0.4 ϫ 10 5 sorted cells or lymph node cells and incubated in a 96-well plate for 4 h under microaerophilic conditions. One hundred percent bacterial survival was determined by incubating H. pylori P49 with 25 l RPMI 1640 -2% fetal calf serum alone. After incubation, cell suspensions were diluted 1/2,000. One hundred microliters was plated on an H. pylori selective agar plate (Oxoid, Basingstoke, United Kingdom) in duplicate, and the numbers of CFU were determined 5 days later. For the transwell experiment, H. pylori P49 (1.6 ϫ 10 6 cells) suspended in 100 l RPMI 1640 -2% FCS was distributed in a 24-well plate. A total of 1.6 ϫ 10 5 cells in 100 l RPMI 1640 -2% FCS were introduced onto the transwell filter (pore size, 0.4 m) and incubated for 4 h under microaerophilic conditions. After incubation, the cell suspensions were diluted 1/8,000 and plated as described above to determine the numbers of CFU. To investigate the effect of NO on monocyte killing, we added 1400W (50 M; Calbiochem, Darmstadt, Germany) (38) , a selective inhibitor of iNOS, to the culture medium.
Human peripheral blood monocyte isolation. Peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll density gradient centrifugation, and CD14 ϩ cells were positively selected by magnetic sorting (antihuman magnetic particles, DM clone MP9; BD Biosciences, San Jose, CA) as described previously (39) . In order to investigate the effect of activation on Helicobacter killing, 1 ϫ 10 6 monocytes per well in 12-well plates in RPMI 1640 medium (25 mM HEPES, 10% FCS, penicillin [50 U/ml], streptomycin [50 g/ml]) were incubated overnight in the presence of gamma interferon (IFN-␥; 40 IU/ml; R&D Systems, Minneapolis, MN). Blood samples were obtained at a local blood bank (Centre de Transfusion Sanguine [CTS], Lausanne, Switzerland). The use of the samples used in this study was approved by the Institutional Review Board of CTS, and all subjects gave written informed consent. Only samples from individuals with no signs of HIV, hepatitis A virus, hepatitis B virus, or hepatitis C virus infection were included.
Statistical analysis. The distribution of the data was compared by Mann-Whitney tests and 2-way analysis of variance using GraphPad software (GraphPad Software, San Diego, CA), with a P value of 0.05 being considered the limit of significance.
RESULTS

Increased numbers of inflammatory monocytes in the stomach mucosa during vaccine-induced reduction of H. felis infection.
In order to evaluate whether inflammatory monocytes play a role in the vaccine-induced reduction of H. felis infection, we first determined by flow cytometry the number of inflammatory monocytes within the stomach mucosa. Gastric immune cell populations extracted from the stomachs of vaccinated and control mice sacrificed on days 3, 5, and 7 after H. felis infection were first stained with monoclonal antibodies against CD45, CD11b, and Ly6C. At these time points, H. felis infection was clearly detectable in the stomachs of control mice (Fig. 1A) . On the contrary, in vaccinated mice, the infection was near the limit of detection on day 3 and was undetectable by day 5 (Fig. 1A) . The vaccine-induced reduction of H. felis infection was associated with a steady increase in the abundance of CD45 ϩ CD11b ϩ cells (see Fig. S1A in the supplemental material). Among the CD45 ϩ CD11b ϩ cells, we distinguished three populations on the basis of Ly6C expression. The first population, Ly6C high , corresponded to newly recruited Ly6C high Ly6G Ϫ MHC-II ϩ CCR2 ϩ CD64 ϩ inflammatory monocytes (40) ( Fig. 1B and F) . The second population, Ly6C low , was composed of a mixture of Ly6C low Ly6G Ϫ MHC-II ϩ CCR2 ϩ CD64 ϩ inflammatory monocytes ( Fig. 1B , E, and F) derived from the recruited Ly6C high Ly6G Ϫ MHC-II ϩ CCR2 ϩ CD64 ϩ inflammatory monocytes (41) and of Ly6C low Ly6G ϩ MHC-II-negative (MHC-II Ϫ ) neutrophils ( Fig. 1B, D , and E). These cell populations were discriminated according to their MHC-II and Ly6G expression ( Fig. 1D ) and their morphologies ( Fig. 1E ). As opposed to the Ly6C high/low Ly6G Ϫ MHC-II ϩ CD11b ϩ inflammatory monocytes that expressed high levels of CCR2 and CD64 and low levels of CD11c and F4/80 ( Fig. 1E ), the Ly6C Ϫ Ly6G Ϫ MHC-II ϩ CD11b ϩ cells had the morphology of macrophages (see Fig. S1B in the supplemental material) and expressed high levels of CD11c and F4/80. Thus, we concluded that the third population, Ly6C Ϫ Ly6G Ϫ MHC-II ϩ CD11b ϩ F4/80 Ϫ/ϩ CD11c ϩ/low CD64 Ϫ/ϩ CX 3 CR1 Ϫ/ϩ cells, corresponded to a mixture of dendritic cells (DCs) and macrophages derived from either pre-DCs or Ly6C high/low inflammatory monocytes ( Fig. 1B and F (41) . Unfortunately, under our experimental conditions, CX 3 CR1 staining was not optimal and did not allow a clear discrimination between CX 3 CR1 high macrophages and CX 3 CR1 low inflammatory monocytes (Fig. 1F ). We observed that in vaccinated mice, the reduction in the level of H. felis infection was associated with an increased percentage of CD45 ϩ CD11b ϩ Ly6C low cells (Fig. 1C ). This cell population peaked at 5 days postinfection (40% Ϯ 5% for vaccinated mice versus 14% Ϯ 5% for control mice [n ϭ 5]; P Ͻ 0.001), a time point when H. felis infection was no longer detectable in the stomach mucosa (Fig. 1A) . In comparison, in control mice the CD45 ϩ CD11b ϩ Ly6C low population, which was also composed of a mixture of Ly6G ϩ MHC-II Ϫ neutrophils and Ly6G Ϫ MHC-II ϩ monocytes (see Fig. S1C and D in the supplemental material), was not increased (Fig. 1C) . Overall, the percentages of Ly6C low inflammatory monocytes and neutrophils were higher in vaccinated mice than control mice ( Fig. 1G ; see also Fig. S1E in the supplemental material). Taken together, our results show that during the vaccine-induced reduction of H. felis infection, not only Ly6C low inflammatory monocytes but also neutrophils accumulated in the stomach mucosa.
Depletion of neutrophils does not prevent the vaccine-induced reduction of H. felis infection.
To determine whether neutrophils play a role in the vaccine-induced reduction of H. felis infection, we injected an anti-Ly6G depleting antibody. We observed that the injection of anti-Ly6G antibodies depleted circulating neutrophils (data not shown) and stomach neutrophils ( Fig. 2A) . Neutrophil-depleted and vaccinated mice exhibited reduced levels of H. felis infection on day 5 postinfection comparable to those in neutrophil-sufficient mice (Fig. 2B ). This result shows that neutrophils are not essential for the vaccine-induced reduction of Helicobacter infection in BALB/c mice.
Depletion of CCR2 ؉ cells delays the vaccine-induced reduction of H. felis infection. To determine whether monocytes play a role in the vaccine-induced reduction of H. felis infection, we injected an anti-CCR2 depleting antibody. Most of the monocytedepleted and vaccinated mice could not reduce infection on day 5 (Fig. 3A) , whereas vaccinated mice treated with the control antibody could (n ϭ 17, P Ͻ 0.001) (Fig. 3A) . Remarkably, we observed that the injection of the anti-CCR2 antibodies depleted circulating inflammatory monocytes (see Fig. S2B in the supplemental material) and stomach Ly6C high inflammatory monocytes (Fig. 3B ). As expected, the anti-CCR2 injection only partially reduced the percentage of CD45 ϩ CD11b ϩ Ly6C low cells (50% Ϯ 7% for vaccinated mice injected with the Ig control [n ϭ 14] versus 33% Ϯ 3% for vaccinated mice injected with anti-CCR2 [n ϭ 6]; P Ͻ 0.001) ( Fig. 3B ). Since we observed that Ly6C low Ly6G ϩ MHC-II Ϫ CD45 ϩ CD11b ϩ neutrophils do not express CCR2 (see Fig. 2SC in the supplemental material) and that Ly6C low Ly6G Ϫ MHC-II ϩ CD64 ϩ CD45 ϩ CD11b ϩ inflammatory monocytes express high levels of CCR2 ( Fig. 1F ; see also Fig. 2SC in the supplemental material), one can postulate that most of the remaining CD45 ϩ CD11b ϩ Ly6C low cells in anti-CCR2-treated mice are neutrophils. Moreover, anti-CCR2 injection did not impact the H. felis colonization of control mice (see Fig. S2A in the supplemental material). Collectively, these data suggest that inflammatory monocytes play a role in the vaccine-induced reduction of H. felis infection.
Anti-CCR2 injection did not impact the CD4 ؉ T cell protective response against H. felis. We observed that 10 to 12% of the CD4 ϩ T cell population from the stomach mucosa of vaccinated and infected mice expressed CCR2 (see Fig. S2C in the supplemental material). Since the vaccine-induced reduction of Helicobacter infection relies on CD4 ϩ IL-17-positive (IL-17 ϩ ) Th cells to clear the bacteria from the stomach mucosa (15, 19) , we analyzed the impact of the anti-CCR2 injection on CD4 ϩ T cell responses in vaccinated and infected mice. We first observed that the anti-CCR2 injection did not significantly decrease the expression of CD4 mRNA (793 Ϯ 774 relative units and 643 Ϯ 683 relative units, respectively, for isotype-treated mice and anti-CCR2treated mice). In addition, anti-CCR2 treatment did not decrease the amount of mRNA encoding IL-17 ( Fig. 3C) . Moreover, IL-17dependent inflammatory processes associated with the vaccineinduced reduction of Helicobacter infection, such as recruitment of neutrophils into the stomach mucosa, were not affected by anti-CCR2 injection ( Fig. 3D ; see also Fig. S2D in the supplemental material). Finally, the anti-CCR2 injection did not decrease the urease-induced splenic T cell proliferation observed in vaccinated mice on day 5 postinfection (see Fig. S2E in the supplemental material). Collectively, these data suggest that the anti-CCR2 treatment did not impact the CD4 ϩ T cell protective response and associated neutrophil recruitment.
Vaccination increases chemokine expression. Considering that inflammatory monocytes accumulated in the stomach mucosa of vaccinated and infected mice ( Fig. 1G) , we next looked for the expression of chemokines possibly involved in their recruitment. We first studied the levels of expression of CCL2, a ligand of CCR2. Although CCL2 mRNA was expressed in the stomach mu- cosa of vaccinated mice on days 4 and 5 after H. felis infection, its expression was not statistically significantly increased compared to that in the stomach mucosa of control mice (Fig. 4A ). This observation suggests that CCL2 does not play a major role in inflammatory monocyte recruitment to the stomach mucosa within this context. However, we found that the levels of mRNA of CCL7, another ligand for CCR2, were significantly increased on day 4 postinfection in vaccinated mice compared to the levels in control mice (Fig. 4B) . Interestingly, the levels of mRNA of CCL20 (Fig.  4C) , the ligand of CCR6, and CXCL2 (Fig. 4D) , the ligand of CXCR2, were increased in vaccinated mice compared to the levels in control mice on 5 day postchallenge. The levels of mRNA of CX 3 CL1, the ligand of CX 3 CR1 which was highly expressed by stomach monocytes (Fig. 1F) , were not statistically significantly increased in vaccinated mice compared to those in control mice on day 4 and 5 after bacterial challenge (Fig. 4E) . Taken together, these results suggest that inflammatory monocyte recruitment to the stomach mucosa during the vaccine-induced reduction of H. felis infection is likely mediated by several chemokines, including CCL20, CCL7, and CXCL2.
Inflammatory monocytes kill H. pylori in an iNOS-dependent manner. We showed that the efficacy of the vaccine-induced reduction of H. felis infection was decreased by the injection of anti-CCR2 treatment (Fig. 3A) . These data suggest that inflammatory monocytes participate in the killing of Helicobacter. However, we cannot exclude the possibility that another CCR2 ϩ (Fig. 1F ; see also Fig. 2SC in the supplemental material) and/or CCR2 Ϫ cell population might be depleted and/or expanded in anti-CCR2treated mice, leading to the inhibition of the vaccine-induced reduction of bacterial infection. We previously published data showing that CD11b ϩ Gr1 ϩ cells, among which were inflammatory monocytes, infiltrated the stomach mucosa of vaccinated and infected mice (15) . These inflammatory monocytes are in close contact with stomach epithelial cells and could potentially have direct access to Helicobacter and thus kill the pathogen. Hence, in order to confirm that inflammatory monocytes play a role in the vaccine-induced reduction of Helicobacter infection, we studied their antimicrobial functions. It is well described that the antimicrobial activities of monocytes rely on the expression of TNF-␣ and iNOS (24) . Therefore, we performed intracellular staining to probe for the expression of TNF-␣ and iNOS within the monocytes infiltrating the stomach mucosa during the vaccine-induced reduction of H. felis infection. We indeed observed that at least half of the stomach Ly6C high and Ly6C low inflammatory mono- cytes produced both TNF-␣ and iNOS (Fig. 5A) , while inflammatory monocytes from control mice produced very low levels (Fig.  5A ). To confirm this potential antimicrobial activity, on day 5 postchallenge we performed an H. pylori in vitro killing assay with different myeloid cells sorted from the stomach mucosa of vaccinated mice (Fig. 5B ). Compared to unsorted lymph node cells, stomach CD11b ϩ cells directly mixed with H. pylori killed the bacteria with up to 100% efficacy. Similarly, both Ly6C high and Ly6C low inflammatory monocytes efficiently killed H. pylori (Fig. 5B ). In comparison, stomach neutrophils exhibited poor killing activity. The low efficacy of H. pylori killing by sorted neutrophils might come from the procedures used to isolate and sort the neutrophils from the stomach mucosa; indeed, most of the sorted neutrophils used in this in vitro killing assay were already degranulated (Fig. 1E) . In order to evaluate the respective role of phagocytosis and NO production in the killing of H. pylori by iai.asm.org 4223 Infection and Immunity on September 17, 2018 by guest http://iai.asm.org/ inflammatory monocytes, we performed experiments using transwell filter plates in the presence of 1400W, a specific inhibitor of iNOS (38) . Inflammatory monocytes were placed on the transwell filter (pore size, 0.4 m), and H. pylori cells were placed in the bottom of the well. In the absence of phagocytosis, Ly6C high and Ly6C low inflammatory monocytes killed H. pylori (Fig. 5C ) with 50% efficacy. Notably, the H. pylori killing was completely abrogated by inhibition of iNOS (Fig. 5C ). We next performed addi- tional experiments to test whether human monocytes could also kill H. pylori through an iNOS-dependent mechanism. Peripheral blood-derived human monocytes were incubated either directly or on transwell filters in the presence of 1400W. Resting human blood monocytes did not efficiently kill H. pylori. However, following overnight incubation with IFN-␥, a cytokine which is highly expressed in the stomach mucosa during vaccine-induced Helicobacter clearance (15) , the activated monocytes killed H. pylori (Fig. 5D ). Inhibition of iNOS abolished 50% of the monocyte-induced H. pylori killing. The killing of H. pylori by human monocytes was not dependent on phagocytosis; indeed, the H. pylori killing activity by monocytes was not inhibited by the transwell filter (Fig. 5D ). Collectively, we showed that murine Ly6C high and Ly6C low inflammatory monocytes and activated human monocytes potently kill H. pylori in an iNOS-dependent manner.
DISCUSSION
In this study, we evaluated the role of inflammatory monocytes in the vaccine-induced reduction of Helicobacter infection. This hypothesis was based on previous results showing that during the vaccine-induced reduction of Helicobacter infection, CD11b ϩ Gr1 ϩ cells infiltrate the stomach mucosa (15) and that inflammatory monocytes are well-known to be critical in several defense mechanisms against mucosal pathogens (24, 42) . We first showed that Ly6C low Ly6G Ϫ MHC-II ϩ CCR2 ϩ CD64 ϩ inflammatory monocytes accumulate in the stomach mucosa during the vaccine-induced reduction of H. felis infection ( Fig. 1F and G) . To determine whether inflammatory monocytes play a role in the vaccine-induced reduction of Helicobacter infection, these cells were depleted with anti-CCR2 antibodies. Depletion of inflammatory monocytes was associated with an impaired vaccine-induced reduction of H. felis infection (Fig. 3B ). To determine whether inflammatory monocytes have a direct or indirect role in the vaccine-induced reduction of Helicobacter infection, we studied their antimicrobial activities. We first showed that Ly6C high and Ly6C low inflammatory monocytes produced TNF-␣ and iNOS, two major antimicrobial factors (Fig. 4A) (24) . Then, by using a Helicobacter in vitro killing assay, we showed that Ly6C high and Ly6C low inflammatory monocytes and activated human monocytes potently kill H. pylori in an iNOS-dependent manner (Fig. 4B ). Taken together, our results show that the Ly6C high and Ly6C low inflammatory monocytes play a direct role in the vaccineinduced reduction of H. felis infection.
The paradigm of inflammatory monocyte-dependent protective antimicrobial activity was first established in listeriosis, on the basis of the observation that inflammatory monocyte-derived population such as Tip-DCs (24) play a major role in innate immune defense. Subsequent studies confirmed the key roles of inflammatory monocytes in antimicrobial responses and demonstrated the direct killing of Salmonella (43) , Candida albicans (44) , and Toxoplasma gondii (45) by isolated inflammatory monocytes. From the findings of this study, we may add H. pylori to the list of pathogens sensitive to the antimicrobial activities of inflammatory monocytes. Indeed, we provide evidence that inflammatory monocytes recovered from the stomach mucosa of vaccinated mice kill H. pylori in vitro (Fig. 5B) . Our study and previous studies demonstrate that H. pylori can be killed by macrophages and human and mouse monocytes, even when they are physically separated, in an NO-dependent manner (Fig. 5C) (46) . Since NO is a water-and lipid-soluble gas, it is conceivable that it exerts antimicrobial effects by diffusing though the epithelial cell monolayer (24) . Hence, iNOS-positive (iNOS ϩ ) inflammatory monocytes recruited to the stomach mucosa might not need direct contact with the bacteria to kill Helicobacter cells located in close proximity to the apical surface of stomach epithelial cells.
We observed that inflammatory monocytes recovered from the stomach mucosa of nonimmune mice expressed very low levels of iNOS and TNF-␣ on day 5 after Helicobacter infection (Fig.  4B) . The low number of Ly6C low inflammatory monocytes infiltrating the stomach mucosa of nonimmune mice (Fig. 1G ) associated with the production by H. pylori of arginase, an enzyme that competes for the iNOS substrate L-arginine (47) , might prevent the iNOS-dependent killing of the bacterium in nonvaccinated hosts.
The urease-specific memory Th17 CD4 ϩ T cells primed during the vaccination protocol and reactivated by the infection might play a role in the recruitment and/or the increased expression of iNOS and TNF-␣ by inflammatory monocytes. Indeed, it has previously been shown that depletion of CD4 ϩ T cells or neutralization of IL-17 prevents inflammatory monocyte recruitment during a secondary immune response directed against pneumococcal lung colonization (48) . Moreover, in a second study, memory CD4 ϩ Th17 or Th1 cells were shown to promote, in a pathogenassociated molecular pattern (PAMP)-independent manner, innate immune responses (49) . More importantly, it has been demonstrated that during Salmonella intestinal infection, IFN-␥ and IL-12 p40 are critical for the expression of iNOS by inflammatory monocytes (43) . Hence, since Helicobacter is minimally invasive, therefore delivering low levels of antigenic stimuli and evading PAMP recognition (46, 49, 50) , it can be speculated that during Helicobacter infection of vaccinated mice, the reactivation of urease-specific memory Th1 and/or Th17 cells promoted inflammatory monocyte recruitment and differentiation and licensed these cells to kill Helicobacter. Our observation that only low numbers of inflammatory monocytes infiltrate the stomach of nonvaccinated mice (Fig. 1G ) and that they express very low levels of iNOS ( Fig.  5A ) is in accordance with this hypothesis.
We observed that Ly6C high and Ly6C low inflammatory monocytes infiltrate the stomach mucosa during the vaccine-induced reduction of H. felis infection. It is well established that in an inflamed tissue, inflammatory monocytes are activated and/or differentiate into macrophages and dendritic cells (24, (40) (41) (42) 51 ). In our model, it can be speculated that Ly6C high cells differentiate into Ly6C low inflammatory monocytes. These Ly6C low inflammatory monocytes are CD11b ϩ TNF-␣ positive (TNF-␣ ϩ ) iNOS ϩ MHC-II ϩ CCR2 ϩ CD64 ϩ and are very similar to the Tip-DCs that produce prodigious amounts of TNF-␣ and iNOS in the spleens of Listeria-infected mice (24) .
Although we clearly observed that Ly6C high and Ly6C low inflammatory monocytes play a critical role in the vaccine-induced reduction of H. felis infection on day 5 postinfection, we observed on day 7 that H. felis infection had been cleared from the stomach mucosa of vaccinated mice injected with anti-CCR2 antibodies (data not shown). One can interpret these data in two different ways. In the first hypothesis, it might be possible that Ly6C high and Ly6C low inflammatory monocytes play a role only at early time points. In a second hypothesis, it might also be possible that without Ly6C high and Ly6C low inflammatory monocytes, neutrophils that are recruited to the stomach mucosa play a prominent role in the vaccine-induced reduction of H. felis infection. Indeed, it has recently been demonstrated that in the absence of prostaglandin E 2 -producing inflammatory monocytes, Toxoplasma gondii oral infection leads to a massive influx of activated neutrophils (52) . In our experimental setting, it can then be hypothesized that neutrophils are the main players in the vaccine-induced reduction of H. felis infection in anti-CCR2-injected mice. The critical role for neutrophils in the reduction of Helicobacter infection has already been reported in IL-10-deficient mice (17) , which displayed major defects in T cells and myeloid cells.
One unanswered question from this study is which chemokines are involved in the recruitment of inflammatory monocytes to the stomach mucosa of vaccinated and infected mice? We did not observe any upregulation of CCL2 in vaccinated mice during the vaccine-induced reduction of H. felis infection (Fig. 4A) . Moreover, vaccinated CCR2-deficient mice still cleared H. felis on day 5 after bacterial infection (data not shown). Taken together, these data argue that inflammatory monocyte recruitment is not dependent on CCR2 signaling. CCR6-CCL20 has been shown to be essential for the homing of inflammatory monocytes to the inflamed dermis (53) . Since CCL20 is upregulated during the vaccine-induced reduction of H. felis infection (Fig. 4C) , one could postulate that inflammatory monocyte recruitment is dependent on CCR6 signaling. Moreover, we observed an increased expression of CXCL2 (macrophage inflammatory protein 1␣) during the vaccine-induced reduction of H. felis infection (Fig. 4D) ; this chemokine has recently been shown to be upregulated in the stomach mucosa of H. pylori-infected patients and responsible for the recruitment of CXCL2R ϩ myeloid suppressive cells in their stomach mucosa (54) . We are currently evaluating whether the recruitment of inflammatory monocytes in the vaccine-induced reduction of Helicobacter infection is CXCL2R dependent.
In summary, to our knowledge, our study is the first to describe the protective antimicrobial activity of inflammatory monocytes recruited to the stomach mucosa and that the antimicrobial activity of inflammatory monocytes increases dramatically in the vaccinated host. From the perspective of the clinical development of a H. pylori vaccine, these data suggest that an efficient vaccine has to elicit H. pylori-specific Th1 and/or Th17 cells, allowing the maturation of inflammatory monocytes into iNOS ϩ TNF-␣ ϩ cells with Helicobacter killing activities.
